Chapter 3: Failure M odes and M echanisms
B. Stark

A criticd part of understanding the riability of any sysem comes from understanding
the possble ways in which the system may fal. In MEMS, there are severd failure mechanisms
that have been found to be the primary sources of failure within devices. In comparison to
electronic circuits, these faillure mechanisms are not well understood nor easy to accelerate for
lifeteging. Inany discusson of failures, the definition of failure mechanisms, or causes of falure,
often overlaps with the definition of failure modes, or observable fallure events. To dleviae this
confusion this chapter has been roughly organized by falure modes, with mechanisms being
described within the sections on the modes they cause. Failure mechanisms that do not have
clearly associated modes are discussed at the end of this chapter.

l. M echanical Fracture

Mechanicd fracture is defined as the bresking of a uniform materid into two separate
sections. In MEMS it will usudly lead to the catastrophic failure of a device, dthough there are
some structures that will have more moderate performance degradations.[5,8] No matter what
the actua outcome, any fracturing is a serious rdiability concern. There are three types of
fractures, ductile, brittle, and intercrystdline fracture. Ductile fracture, as the name implies,
occurs in ductile materids. It is characterized by amost uninterrupted plastic deformation of a
materid. 1t is usudly Sgnified by the necking, or extreme thinning, of a materid a one specific
point. Brittle fracture occurs along crysta planes and develops rgpidly with little deformation.
Intercrystdline fracture is a brittle fracture that occurs dong grain boundaries in polycrysdline
materids, often beginning at a point where impurities or precipitates accumulate. For MEMS
the latter two types of fracture are more common. To understand the actua causes of fracture
and the methods for predicting it, severd terms must be first defined.[27]

A. Definitions

Mechanicd falure in a crystd lattice occurs when an gpplied stress exceeds the failure
sress of the structure. Stresses are separated into the two categories of norma and shear
stress. Normal gress is defined as stress perpendicular to a plane in a materia, while shear
gress occurs pardld to a plane, as shown in Figure 3-1. In solid materids, dress is linearly
related to a concept caled strain, which is the fractiond eongaion of a maerid. The
proportiondity congtant between stress and grain is, for smal norma loads, caled the modulus
of dadticity, or Young'smodulus. The actud deformation of a cubic volume will depend upon
al the stresses gpplied to it:
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where

In cubic crystas, such as S and GaAs, the tensor reducesto:
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Figure3-1: Generalized stressstateson a 3-D unit cube.

(3-1a)

One important aspect of this tensor is that E=E;, so that there are actudly only 21
independent congtants.  Further smplifying this effect is the interna symmetry of most crydals.
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While not dl materids have just three independent dadtic condants, it is unlikely to find even
highly anisotropic crystds with more than nine dagtic congtants.
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Figure3-2: Young'smodulusasafunction of crystallineorientation for Si and GaAsalong the

<100> axis.

One of the difficulties in using Equation 3-1b is that, in an anisotropic crystd, the eagtic
modulus will vary with crysaline orientation. To account for this variation a plane modulus is
defined with the crystd orientation by

E[hkl] = (3-2

€l
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In order to rdate the modulus of a crystdline plane to the agtic congtants in Equations
3-1, thefollowing equation is used:

EF@fy)=sy- 25, - s, - 058,)(1117 +1515 +1715) - (3-3)

where
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1 i
(E11+2E12)(E11’ E12)
S, = - By
2
+ -
(B +28,)(By - ) Figure 3-3: Euler's angles[91] These
arethe angles formed between the <100>
s :i axisand an arbitrary <hklI> axis.
A4
E44

g, f,y =Eule’sangles, defined in Figure 3-2

l1, I, 13 = the direction cosines defined by the following matrix
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Themodulus of S and GaAs as afunction of crystaline orientation is shown in Figure 3-2.[32]

In common nomenclature the condants, s;3, S, and sy ae caled compliance
coefficients. This equation reveds that the {100} planes of S have an eagtic modulus of 130
GPa, while the {110} planes have a modulus of 165 GPa. For the { 111} planes, with a q and
f angleof 45° and ay angleof 0°, the value of B111y is 187 GPa, which is the stiffest plane in
dlicon As aresult, wear effects will be most severe in theg[100] direction because it has the
lowest diffness of any crystd planesin dlicon. It must aso be noted that &3, E», and Ey are
usualy defined relative to the <110> planes, while 51, Spp, and sy, are generdly defined rdaive
to the <100> planes.

Poisson’s ratio is dso orientation-dependent, with the basis vector given dong with the
vaue of the number. Poisson's ratio is normaly defined in terms of the dastic compliance
coefficentsas n = -spp/sy;. If alongitudind stress is congdered in a direction thet is displaced
from the { 100} planesby anglesq, f, andy , it has been proven [48,49] that
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Figure 3-4: Poisson'sratio asa function of anglein the (100) planewith | and m
varyingin the (100) plane.
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While these considerations are important in the sudy of MEMS, they are difficult to
resolve andyticaly. For smplicity's sake, researchers design structures that will only be forced
in orthogond directions, so that Y oung's modulus and Poisson’'sratio can be trested as uniform
vaues. For this reason, the remainder of this guideine will treat Young's Modulus and
Poisson’s ratio as a single vaue, with the implicit understanding that these quantities are actualy
dependent upon crystal structure.
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Once the definitions of stress and strain are understood, it is possible to understand how
sressleadsto failure.
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Figure3-5: Stressversusstrain relationshipsfor bulk Si and GaAs".

B. Stress-Induced Failure

In Figure 3-2, the process of crystd lattice failure is illugtrated through a diagram of
dress versus drain. As can be seen, the gpplication of stress causes a linear increase in dran
until fracture. This is a function of the brittle properties of these materias, brittle materids
deform eadticdly until fracture occurs. To understand the fracture tolerances of a MEMS
device, asin any mechanicd structure, one needs to determine the maximum stresses.

The maximum dgress in a device usudly occurs near dress risers, or concentrators.
Stress concentration occurs when there is a sudden change in the cross section of a material. At
these points, dress is usudly non-uniformly distributed and somewhat difficult to anayticaly
resolve. Since most engineers are more concerned with maximum dress rather than average
dress, this vaue can be caculated by defining the stress concentration factor K as:

K = S mac (3-5)
S

ave

! Thischart isidealized. Inactuality thereisasmall curvature to the stress strain curve of any material.
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where
S max = Maximum giress at a stress concentration point
S ae = &vErage sress a a stress concentration point
K is a function of the geomelry of the dress riser and is typicdly graphicdly

represented. S 4. Can be cdculated from basc structurad anadyss, which dlows s to be
determined.
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Figure 3-6: Stressconcentration factor asa function of geometry for thin beams.
(from [11])

While andlyss of dress will determine if a materid has exceeded its fracture srength,
some new concepts will have to be introduced to understand what factors limit the strength of
materids. Many of the mechanica fallures in crystdline solids occur as the result of defects in
crystal sructures. These defects are the result of imperfect techniquesin crystal growth and are
criticaly important to the study of the properties of crystds. While a modern slicon wafer will
have relatively few defects[46] other materids used in MEMS have significant defect dengties.
There are severd kinds of defects that need to be examined.
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C. Point Defects

10*3 00

aﬁto
G@@ @@
0@0&&0@

0#&@ @@@@

Figure3-7: Different point defects. A isavacancy, Bisan interstitial. Cisa Point replacement while D
and E are 2-D mappings of an edge and screw didocation, respectively.

Point defects are faults a a single point in acrysta. They tend to create very localized
internd grains and do not usudly have the magnitude of an impact upon crysd lattice integrity
that is common to didocations, which are discussed in the following section.  Point defects are
categorized into the following groups:

i) Vacancies

A vacancy is the lack of an atom at a specific point in a lattice where one would
otherwise be expected. This has the result, as most defects do, of limiting eectron maobility.
More important for MEMS is the fact that a vacancy will lower the yield strength of the materid,
as it weakens the lattice strength.  The missing atom causes the lattice to compress around the
vacancy, which creates an internd stressfield that is described by Equation 3-5.

_Glnl
p 1-nr?

Sy =-25; =-25 (3-6)

qaq

where

1-n

g, = 2GDvV

G = the shear modulus of a materid (E44 for cubic crystas)

DV = the change in the volume of the solid due to the vacancy.
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i) Inter itial
An interditia is an additiona aom which has become wedged between the atoms of a

latice. An interditid will have, to a fird order gpproximation, the same dress fidd as a
vacancy, except that the strength factor, g, becomes

_8pG 1+n _ 4
=T— hr -
3 1-on ' ° (3-7)

Yo
where
h» To. 1
A

ro = the radius of the foreign atom

A =the lattice parameter

iii) Point Replacement

In this case a Sngle atom has been replaced by an atom of a different dement. Often
this is done intentionally for doping purposes, but sometimes it occurs accidentaly as the result
of disorder in the lattice or impuritiesin the melt. Theses defects will have differing effects on the
mechanica properties of solids, but will usudly not be as large in magnitude as vacancies or
interdtitials[53]

D. Didocations

Figure 3-8b: Screw didocation. (from [37])

Figure 3-8a: Edgedidocation. (from [37])
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A didocation is a one-dimensiona aray of point defects in an otherwise perfect crystd.
They occur when a crystd is subjected to stresses that exceed the dadtic limits of materids.
Didocations are usudly introduced into a crystd through the presence of a temperature gradient
during crysta growth. Modern wafer processing techniques produce extremely low didocation
dengties on wafers. Didocations can be separated into two types.

i) Edge Didlocation

In this case awhole row of atomsis out of phase with respect to the rest of the lattice,
as shown in Figure 3-8a. The result of this phenomenon is a physicd barier in the crystd that
scatters electrons and weekens the crystal. An edge didocation crestes a dress fidd that is
defined by Equations 3-8a-€:

Gb  y(Bx*+y?)

T @) (Cryy (389
s = Gb  y(x*- y%) (3-8b)
T 2p(L-n) (C+y?)?
s,=n(s,+s,) (3-8c)
- Gb  x(x*- y?) (3-80)
Y 2p(@A-n) (¢ +yP)?
tXZ:tyZ:O (3-8@)

where

X, Y, z = distance from edge didocation, with the didocation in the plane of x and the z
axisis tangent to the didocation.

b = The magnitude of the Burgers vector of the didocation ~ afew lattice spacings.

i) Screw Didocation

This fault is much the same as an edge didocation except thet it is shaped like a spird
darcase, as shown in Figure 3-8b. Screw didocations also create stress fidlds in solids, as
defined below:

t,=20_Y
xx = 2p X2+y2 (3'98.)
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T p ey (3-9b)

x Uy TRy (3-90)

The essentid feature to recognize from these equations is that didocations introduce
dresses internd to materids that will significantly weeken crystd lattices. While these stresses
decrease quadraticaly with distance from the didocation, there clearly will be a strong loca
internd stress created by these features. Another factor to consider isthat the stress fields from
different didocations will interact, creating interna forces. From a MEMS rdiability standpoint,
this means that usng high qudity wafers with smaler numbers of didocations will ultimately
increase device rdiability and lifetime. For more information on this subject, Reference [37],
“Elementary Didocation Theory” by Weertman and Weertman offers a good, in-depth
discussion of didocation theory.

E. Precipitates

In metals containing another dement in a supersaturated solid solution, this solution
tends to precipitate in the form of a compound with the solvent metal.[53] In the presence of a
didocation, alomswill precipitate into the didocation, which will occur a the rate:

&S (3-10
el o
where
n(t) = the number of aoms precipitating in atime, t.
T = temperature

This phenomenon is used to harden materids by alowing precipitates to lock didocation
and prevent them from moving through the latice.  While this is found to be useful in
congtruction materids, it creates problems for MEMS devices using metalic compounds, such
as GaAs  The formation of precipitates creates an internd stress, which can significantly
weaken crystal lattices and is discussed in greet detail in Reference [53].
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F. Fracture Strength

The impetus for sudying defects is thet, for brittle materids, the fracture strength is a
function of the largest crystd defect. For a defect of length c, the fracture strength can be
determined by:[114]

YJc (3-11)
where

K. = Fracture toughness

st = fracture strength

Y = dimensonless parameter that depends on the geometry of the flaw

It is sometimes useful to approximate the defect as being penny shaped with aradius, c,
in which case the fracture strength is[17]

s 16K (3-12)
F —\/p_C

Normdly, a Gaussan digtribution of crysta defects is assumed for a given volume. This
would imply that thereis dso anormd digtribution of fracture strengths, as described below:

(5-5)2

f(s)=(2pd?) %2e =" (3-13)

where

d? = standard deviation in fracture strength

s = mean fracture strength

For this kind of fracture stress digtribution, the probability of failure of a body exposed
to adressfidd ismodeed by the Weibull probability distribution function of:

ot (3-14)
° [40]

where
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V = the volume of the stressed body
s = alower dgresslimit which isusudly egqua to zero in brittle materias (Pa)
So = aparameter related to the average fracture stress (Pa)

m = the Weibull modulus, a measure of the Satistica scatter displayed by fracture
events

For ample geometries, Equation 3-14 can be smplified to:
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Figure 3-9: Representative plot of the probability of the fracture of silicon under applied stress.

The Weibull modulus, which can be used to measure the rdiability of an engineering
materia, can be determined by alinear curve fit on asmple Inin-in plot. Thus, the probability
of fracture will be randomly digtributed by a Weibull modd, as shown in Figure 3-9. As such,
the fracture strength of a material can only be expressed as a probability distribution and not as
a specific vaue, which presents a chalenge for rdiability engineers. Since it is not known what
the ultimate fallure strength of a device will be, testing must be done on al devices prior to
insertion into the market to diminate devices with unacceptably low fracture strengths.

For common MEMS materids, severd fracture studies have been conducted. The
median fracture strength of silicon beams has been reported to be on the order of 6 GPa with a
Waeibull modulus of 10.1, dthough these vaues are strongly dependent upon the finished
compoasition of the beam.[40] GaAs had a fracture strength of less than hdf that of slicon, a
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2.7 GPa. These values compare favorably to construction sted, which fractures under 1 GPa
While this study provides a basdine for the srength of S and GaAs, they are not universaly
applicable. Fracture studies need to be conducted on every process, as mechanical properties
of materids are highly dependent on processing conditions.

G. Fatigue

Fatigue is afalure mechanism caused by the cyclic loading of a structure below the yield
or fracture stress of a materid. This loading leads to the formation of surface microcracks that
cause the dow weskening of the materid over time and cregte locdized plastic deformations.
While brittle materids do not experience macroscopic plastic deformation, they will il
experience fatigue, dbeit in amuch longer time frame than in ductile materids.

FRACTURE STRESES

N | | l l
10*  10° 10° 107 108
NUMBER OF CYCLES (N)

Figure3-10: Typical SN curve for aductilematerial.

Fatigue is typicaly modeled with a plot known as the SN curve. The plot, shown in
Figure 3-11, relaes the fracture dress, S, to the number of cycles of loading and unloading a
materid. Asshown in the figure, the fracture stress decreases with time and can eventudly fail.

Fatigue also causes a gradud change in the properties of a materia. After repested
cydling, which is often on the order of billions of cycles, Young's modulus will gradudly shift.
This shift will change the resonant frequency of many devices and degrade sensor outputs. Also
affected is the dampening coefficient, which will increase over time and change the resonant
frequency and Q factor of a structure. Electrica resstance of many structures will aso increase
over time. The combined effect of these changes can lead to degradation failure. Table 3-1
provides order-of-magnitude estimates in the changes that might be expected in these vaues
over thelifetime of adevice[95]
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Property P+ Silicon P+ Silicon coated P+ Silicon P+ Silicon coated
with aluminum coated with with oxide
nitride

origind | aged | origind | aged origind | aged | origind aged
Young's 129 136 | 117 113 134 125 | 127 123
Modulus (GPQ)
Dampening 600 770 | 741 779 436 588 | 631 685
Coeffident (H2)
Resistance (W) 9.9 15.3 | 199 22.7 4.93 9.55 | 10.3 125

Table3-1: Fatigueinduced materials degradations.[95]

Whilethistable is only indicative of one study, it does show thet fatigue isarea concern
for MEMS.

1. Stiction

One of the biggest problems in MEM S has been designing structures that can withstand
surface interactions. Thisis due to the fact that, when two polished surfaces come into contact,
they tend to adhere to one ancther. While this fact is often unimportant in macroscopic devices,
due to their rough surface features and the common use of lubricants, MEMS surfaces are
smooth and lubricants create, rather than mitigate, friction.[19] As aresult, when two metdlic
surfaces come into contact, they form strong primary bonds, which joins the surfaces together.
This is andlogous to grain boundaries within polycrysaline materias, which have been found to
be often stronger than the crystal materid itsdf. However, adhesive boundaries are usualy not
as drong as grain boundaries, due to the fact that the actual area of contact is limited by
localized surface roughness and the presence of contaminants, such as gas molecules.

Adhesion is caused by van der Waals forces bonding two clean surfaces together. The
van der Wadls force is a result of the interaction of ingtantaneous dipole moments of atoms. If
two flat pardld surfaces become separated by less than a characteristic distance of z, which is
approximately 20 nm, the attractive pressure will be:

P

A
=——[110 3-16
vdw 6p d3 [ ] ( )

where
A = Hamaker constant (1.6 eV for S)
d = the separation between the surfaces

35




While this equation, since it ignores the repulsve part of surface forces, overestimates
the force of adhesion by at least afactor of 2, it isagood order of magnitude approximation for
adhesive forces. Typica values of d are on the order of several Angstroms.

In most MEMSS devices, surface contact causes failure. With the noted exception of the
smdl contact areas in microbearings, when surfaces come into contact in MEMS, the van der
Wadls force is strong enough to irrevocably bond them. Although some devices, such as
microswitches, are desgned to combat this problem through strong actuator networks, most
devices must be designed to diminate any surface interactions, in order to avoid the effects
shown in Figure 3-11.

Figure3-11: Polysilicon cantilever adheringto substrate.

.  Wear

Wear is an event caused by the motion of one surface over another. It is defined as the
removd of materid from a solid surface as the result of mechanicd action.[27] While there are
some mechanica operations, such as polishing and sharpening, that utilize wear in a congructive
manner, wear is generdly consdered an undesrable effect in MEMS. There are four main
processes that cause wear. They are called adhesion, abrasion, corrosion, and surface fatigue.

Adhesve wear is caused by one surface pulling fragments off of another surface while
they are diding. This is caused by surface forces bonding two materids together. When the
bonds break, they are unlikely to separate at the origina interface, which fractures one of the
materids.  The volume of a materid fractured by adhesve wear is determined by the
relationship:[27]
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S (3-17)
where

Sy = yield strength of the materia

kaw = materid dependent wear constant

x = diding digance

F = load on the material

kaw IS materid dependent. Severd useful gpproximations have been developed for
non-metalic wear between different types of materids:

Nonmetal on  Nonmetal on  Nonmetal on Layer-lattice

identical like nonmetal unlike nonmetal on
nonmetal nonmetal unlike material

Unlubricated 1.8 10° 9 10° 45 10° 1.5 10°
Poor lubricant 6 10° 3 10° 1.5 10° 6 107
Good lubricant 3 10° 1.2 10° 6 10”7 3107
Excdlent lubricant 1.5" 10° 6 107 3 107 9 10%

Table3-2: Wear coefficientsfor nonmetals'.[120]
Asagenerd rule, adhesive wear will be minimized with dissmilar hard materiads.

Initid studies on the long-term effects of adhesve wear have been completed, with
some interesting results being discovered. A study a Sandia Nationa Laboratories found that
wear rdated falures had a high initid infant mortdity rate, followed by a decreasing falure rate
over time. An interesting part of their discovery was that both the lognorma and the Weibull
model of falure rates described wear equaly well. While this seems a bit counterintuitive, upon
close ingpection both of these modds have farly smilar shapes of probability density and
cumulaive digtribution functions over the ranges in question.

Abrasive wear occurs when a hard, rough surface dides on top of a softer surface and
srips away underlying materid. While less prevdent in MEM S than adhesive wear, it can occur

! Traditionally the factor of 3 is dropped from Equation 3-15 and these values are expressed as 1/3 of the
valuesin thischart.
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if particulates get caught in microgears and can tear gpart a surface. Also defined by Equation
3-15, the constant kaw for abrasive wear is usudly on the order of 10 to 10°.

Corrosive wear occurs when two surfaces chemicaly interact with one another and the
diding process gtrips away one of the reaction products. This type of wear could cause failure
in chemicdly active MEMS. Certain types of microfluidic systems and biologicd MEMS are
susceptible to corrosve wear.  Corrosive wear is dependent upon the chemica reactions
involved, but it can be moddled as:

_ kewX (3-18)

where
hcw= depth of wear
kew = corrosive wear constant, on the order of 10* to 10°

Surface fatigue wear occurs mosily in rolling gpplications, such as bearings and gears. It
affects highly polished surfaces that roll insead of diding. Over time, the continued stressing and
unstressing of the materia under the roller will cause the gppearance of fatigue cracks. These
cracks then propagate pardle to the surface of a Structure, causng materid to flake off the
suface.  Surface fatigue wear tends to generate much larger particles than other wear
mechanisms, with flakes aslarge as 100 nm being common in macroscopic gpplications.[27]

In many actuator technologies, wear will increase the voltage required to drive a device.
Due to the polishing of the contact surfaces caused by wear, the adhesive forces will increase.
The increase in adhesion will require larger input Sgnasto drive adevice. Theincreasein drive
sgnd will, in-turn, increase to force, and thus wear, on a structure. As aresult, many structures
that have contact surfaces prone to wear, will experience a positive feedback loop between
wear and driving voltage that will eventudly lead to the catastrophic failure of a device. Either
the increase in voltage will create a power drain that exceeds the available power to the system
or theincrease in voltage will decrease the sability of the actuator until stiction occurs.

V. Delamination

Delamindtion is a condition that occurs when a materids interface loses its adhesve
bond. It can be induced by a number of means, from mask misadignments to particulates on the
wafer during processing. It can dso arise as the result of fatigue induced by the long term
cycling of structures with mismatched coefficients of therma expangon.

No matter what the actuad cause, the effects of delamination can be catastrophic. If the
materid is Hill present on the device, it can cause shorting or mechanicd impedance.
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Furthermore, the loss of mass will dter the mechanicd characteristics of a structure. While the
exact changes will depend upon the amount of materid that has fallen off, recent work[87] has
reported shifts of up to twenty five percent in resonant frequency in some devices.

V. Environmentally Induced Failure M echanisms

In addition to device operation, there are externa effects that can dso cause falure in
MEMS. Many environmental factors can lead to the development of fallure modes. As
discussed in the next section, environmentd failure mechanisms are one of the biggest chalenges
facing the insertion of MEMS into space.

A. Vibration

Vibration isalarge reliability concernin MEMS. Due to the sengtivity and fragile nature
of many MEMS, externd vibrations can have disastrous implications. Either through inducing
surface adhesion or through fracturing device support structures, externa vibration can cause
falure. Long-term vibration will aso contribute to fatigue. For space applications, vibration
consderations are important, as devices are subjected to large vibrations in the launch process.

Figure3-12(a, b): Cracksin singlecrystal silicon support beams caused by vibrationsfrom alaunch
test.[5]
B. Shock

Shock differs from vibration in that shock is a single mechanica impact instead of a
rhythmic event. Shock creates a direct transfer of mechanical energy across the device. Shock
can lead to both adhesion and fracture. Shock can aso cause wire bond shearing, a failure
mode common to al semiconductor devices.

C. Humidity Effects

Humidity can be another serious concern for MEMS.  Surface micromachined devices,
for reasons related to processing, are extremely hydrophilic. In the presence of humidity, water
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will condense into smdl cracks and pores on the surface of these structures. When the surface
equdizes with the amosphere there will be a curved meniscus of liquid on the surface, with the
two radii of curvature of the meniscus, r; and r,, determined by the expression:

ol 1

rr

_ v
RT log(P/P*") (3-19)

1
0

2 8
where

g = surface tension

v = molar volume

P/P< = relative vapor pressure of water in the atmosphere

R = gas constant (1.98719 cal/mol-K)

T = temperature

Recent work has shown that condensation on surface micromachined surfaces will lead
to an increase in residua gress in the structures[28]  For two surfaces that come into close
proximity with each other, the condensation will adso create a capillary pressure between the
surfaces equal to:

2
v, = se) (320)

where
d = the separation between the two plates
q = contact angle between the surfaces and the liquid

Thus, a hydrophilic surface in a humid atmosphere will experience both condensation,
which will creste bending moment in structures, and capillary forces, which will creete stronger
adhesive bonds than Van der Waals forces done[110,114]

D. Radiation Effects

While il initsinfancy, the fidd of rediation effects on MEMS is becoming increasingly
important. It has long been known that eectricd systems are susceptible to radiation and
recent research has raised the posshility that mechanicd devices may dso be prone to
radiation-induced damage. Especidly sengtive to radiation will be devices that have mechanica
motion governed by dectric fidds across insulators, such as dectrodaticaly postioned
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cantilever beams. Since insulators can fail under single event diglectric rupture, there is a digtinct
possibility that these devices will have decreased performance in the space environment. A
further complication is the fact that radiation can cause bulk lattice damage and make materids
more susceptible to fracture.

Recent work indicates that dielectric layers will trgp charged particles, creating a
permanent dectric field. This permanent field will change resonant characteristics and dter the
output of many sensors[122,123] This may indicate that radiation-tolerant designs will have to
limit the use of didectrics, which could be a chdlenging design problem. One radiation issue
that has received some notice without generating alot of research is the impact of large atomic
meass particles on MEMS. 1t is known that high Z radiation can lead to fracturing by cresting
massive disorder within the crydtd lattice. Since this radiation source is common in the space
environment, it needs to be investigated before MEMS to launch into space.

On one of the few radiation tests to date, one group of surface micromachined devices
exposed to gamma ray doses in excess of 25 krad had severe performance degradation. While
certainly this reveds no subgtantive information about the overal radiation tolerance of MEMS
as a technology, it raises the possihility that radiaion can cause falure within these devices.
While more studies need to be conducted before any conclusions can be made, it isimportant to
understand that radiation effects in MEMS is a non-trivid issue that has yet to be fully
addressed.[13]

E. Particulates

Particulates are fine particles, that are prevadent in the aamosphere. These particles have
been known to eectricaly short out MEMS and can aso induce stiction. While these particles
are normaly filtered out of the clean room environment, many MEMS are designed to operate
outside the confines of the clean room and without the safety of a hermetically sedled package.
As aresult, devices must be andyzed to ensure that they are particle-tolerant before they can be
used as high-rel devices in environments with high particulate dengties.

Another area in which contaminants cause problems is in adheson. Proper device
processing requires most materias interfaces to be clean in order to have good adhesion. If
dust particles are present, then the two materids will be weakly bonded and are more likely to
have ddlamination problems.

F. Temperature Changes

Temperature changes are a serious concern for MEMS.  Internad stressesin devices are
extremely temperature dependent. The temperature range in which a device will operate within
acceptable parameters is determined by the coefficient of linear expanson. In devices where
the coefficients are poorly matched, there will be alow tolerance for therma variations. Since
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future space missions anticipate temperatures in the range of —100 to 150°C, therma changes
are agrowing concern in MEM S qudification efforts.

Beyond these issues, there are other difficulties caused by temperature fluctuations.
Thermd effects cause problems in metd packaging, as the thermd coefficient of expanson of
metals can be greater than ten times that of Slicon For these packages, specia isolation
techniques have to be developed to prevent the package expansion from fracturing the substrate
of the device.

Another area that has yet to be fully examined is the effect of therma changes upon the
mechanica properties of semiconductors. It has long been known that Young's modulus is a
temperature-dependent value. Whileit is more or lesslocally congtant for aterrestrial operating
range, it may vary sgnificantly for the temperature ranges seen in the aerogpace environment.

G. Electrogtatic Discharge

Electrodtatic discharge, or ESD, occurs when adevice isimproperly handled. A human
body routinely develops an dectric potentid in excess of 1000V. Upon contacting an eectronic
device, this build-up will discharge, which will create a large potentid difference across the
device. The effect is known to have catastrophic effects in circuits and could have smilar effects
in MEMS. While the effects of ESD on MEMS structures have not been published to date, it
can be assumed that certain dectrodtaticaly actuated devices will be susceptible to ESD
damage.

VI.  Stray Stresses

Stray dresses are a falure mechanism that are endemic to thin film sructures. Stray
stresses are defined as stresses in films that are present in the absence of externd forces. In
MEMS small sresses will cause noise in sensor outputs and large dresses will lead to
mechanica deformation.

Therma and resdual stresses are the two sources of stray stressin MEMS. Thermdl
dress is a process-induced factor caused by bimetdlic warping. Thin films are grown at high
temperature and, in the process of cooling to ambient temperature, they contract. While these
effects are degrable for the thermocouples, they can cause problem in common MEMS
devices. Therma strains on the order of 5 10 are commonly observable in MEMS. Residud
Sresses are aresult of the energy configuration of thin films. Caused by the fact that these films
are not in their lowest energy dtate, resdua siress can ether dhrink or expand the subsirate.
While there are high-temperature techniques for annealing out residua stress, these methods are
not aways compatible with MEM S processing.
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In bulk micromachined devices, dray stresses can cause device warping, while the
effects can be much more serious in surface micromachined devices. Since they are made
entirdy of thin films, surface micromachined devices are exceptiondly sengtive to Stray stresses.
Large resdua stresses can cause warping and even the fracturing of the structurd materia. For
this reason, the materids used in surface micromachining are often selected for their ability to be
grown with little Sray stress.

VII. Paradtic Capacitance

Parasitic capacitance is another fallure mechanism in MEMS. Paragitic capacitance
does not cause falure in and of itsdf, but it can be a contributing factor to falure. Paragtic
capacitance is defined as an unwanted capecitive effect in a device. While parastics are
unavoidable in devices, they must be minimized for devices to work properly. Paragtic
capacitance can cause unwanted eectrica and mechanica behavior in devices.

The most common source of paragiticsin MEMS is between a device and the subdtrate.
Most MEMS devices condst of a conducting device suspended over a conducting subgtrate.
These two devices have a capacitance between them that is inversdy proportiona to the
distance separating them. This capacitance will exert a force upon the device, creating non-
planar displacement and a current flow through the subgtrate. While some devices use this effect
for non-planar actuation, often parasitic cgpacitance will impinge device performance by causing
unwanted mechanica stresses and motion. To limit these effects, devices should be sufficiently
removed from the subdtrate that large z-axis motion cannot be detected. While this definition is
farly loosg, it is ultimately up to design and reiability engineers to determine how much parasitic
capacitanceistolerable.

The second mgor source of paragitics comes from within the device. Many new bulk
micromachined devices are designed with a sllicon base, a reactively grown oxide layer, and a
metallization top layer, as shown in Figure 3-14.
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Figure 3-13: Diagram of parasitic capacitance between silicon base and metallization
layer on abulk micromachined beam.

These paraditic capacitances will have varying effects based upon device design. On
some devices ther effects may be negligible, while on others they can cause severe problems
with device output. To limit the influence of parasitic capacitances, many engineers dter their
desgnsto dectricdly isolate much of their sructure. Thisis done by limiting the amount of metal
coated structures and by using thin wiresto supply voltages to many structures.

VIIl. Dampening Effects

Many MEMS devices are operated in resonant modes, which has some interesting
performance implications.  All mechanicd systems will have specific frequencies a which
amplitude, velocity, and acceeration are maximized. They dso have an undamped naturd
frequency, w,, which is the oscillating frequency of an unforced system. While in many anayses,
this frequency is cdled the resonant frequency, resonance actudly differs from the undamped
natura frequency by the relationships below:

Displacement resonant frequency,w, =w._4/{1- 2z 2 (3-21a)
Ve ocity resonant frequency,w, =w,, (3-21b)
Accdleration resonant frequency,w, =

Wn
W (3-21c)

Damped natura frequency,w, =w, 4/{1- z 2 (3-21d)
where z is the fraction of critical dampening, which is defined as the system dampening,

or dampening coefficient, divided by the criticd dampening coefficient, c.. The criticd
dampening coefficient describes the minimum amount of dampening required for aforced system
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to return to equilibrium without oscillation, and, for a given system mass, m, and giffness, k, the
mathematica expresson for the critical dampening coefficient is given as[54]

C. = 2+/km

Thus, the resonant frequency is influenced by the syssem dampening and, if system
degradation leads to increased dampening, there will be decreases in resonant frequency.

(3-22)

The typica reason to operate a device at resonance sems from the fact that there is an
amplification of system output from the natura response of a Sructure. The magnitude of this
amplification is quantified by the qudity factor, Q, which is defined as

oy NV
Q=2p oW (3-23)

where W is the energy stored in a syssem and DW is the energy disspated per cycle. The
quality factor also describes the sharpness of the resonance peak. One common method to
measure Q is to determine the frequency range for asystem a which Vo = Vina/CR, as shown in
Figure 3-14. For z<< .1, the quality factor can be approximated as.
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Figure 3-14: Definition of resonanceand Q.
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As aresult, operating a device at resonance, allows greater displacements, which leads
to an increase in sengtivity in many sysems. However, large structurd dampening can cause
changes in resonance that will ater output, which can be along term reliability concern.

Figure 3-15 (a,b): The difference in amplitude between a linear resonator operating in resonance, right,
and operating at a non-resonant frequency, left. Ascan be seen, the device on the right has a much larger
displacement, d, than the device on the l&ft.

MEMS damping is usualy caused by the presence of gaseous molecules. There are
multiple kinds of damping caused by the atmosphere and the type of damping depends largely
upon device geometry. For closdly packed pardld surfaces, squeeze film dampening will be
predominant. For arectangular plate of width, 2W, and length, 2L, the squeeze film fraction of
critical dampening is, for small displacements:[135,136]

, - 8nf (W /LweL
T nemk (3-25)

where:
f(WI/L) = afunction of agpect ratio
m = mass of the moving surface
hy = distance between the two surfaces at rest
m= absolute viscosity of air (1.8° 10° Ns/n? at 1 ATM)

! The derivation of this equation assumes that wh® (fluid density)/m<<1.0.
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For a device moving in plane, with an area A, and a separation from the subgtrate, h,
there will be astructurd dampening factor due to Couette flow of:[24]

nA (3-26)
2h/mk

Since the dampening is proportiona to the viscodty of ar, which is a function of
pressure, some MEMS utilize vacuum packaging to increase performance. The degree to which
a package holds a sed will determine the operating characteristics of these MEMS. Thus
changes that lead to increased dampening of a sysem will dter output by shifting resonant
frequency and lowering the qudity factor.

Z =
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